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a b s t r a c t
We have previously discovered and characterized the nuclear import pathways for the E7 oncoproteins
of mucosal alpha genus HPVs, type 16 and 11. Here we investigated the nuclear import of cutaneous beta
genus HPV8 E7 protein using confocal microscopy after transfections of HeLa cells with EGFP-8E7 and
mutant plasmids and nuclear import assays in digitonin-permeabilized HeLa cells. We determined that
HPV8 E7 contains a nuclear localization signal (NLS) within its zinc-binding domain that mediates its
nuclear import. Furthermore, we discovered that a mostly hydrophobic patch 65LRLFV69 within the zinc-
binding domain is essential for the nuclear import and localization of HPV8 E7 via hydrophobic
interactions with the FG nucleoporins Nup62 and Nup153. Substitution of the hydrophobic residues
within the 65LRLFV69 patch to alanines, and not R66A mutation, disrupt the interactions between the 8E7
zinc-binding domain and Nup62 and Nup153 and consequently inhibit nuclear import of HPV8 E7.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Human papillomaviruses (HPVs) are small, non-enveloped,
double stranded DNA tumor viruses that show tropism for
squamous basal epithelial cells. Over 200 different HPV types
belonging to the papillomaviridae family have been isolated, and
the majority of them can be grouped in either the alpha or beta
genus (de Villiers et al., 2004; Feltkamp et al., 2008; Longworth
and Laimins, 2004; McLaughlin-Drubin and Munger, 2008; zur
Hausen, 2009). The alpha-HPVs are seen primarily in mucosal
infections and some cutaneous lesions in humans, whereas the
beta-HPVs are associated with cutaneous lesions (de Villiers et al.,
2004). Mucosal alpha-HPVs can be further classiﬁed as low risk
types, such as HPV 6 and 11, that are often associated with genital
warts (condylomata acuminata), or high risk types, such as HPV 16
and 18, that are detected in invasive cervical carcinomas (Doorbar,
2006; Munger et al., 2004; zur Hausen, 2000, 2009).
Nonmelanoma skin cancer (NMSC) represents the most common
cancer in fair skinned populations. Over one million cases are reported
yearly in the USA and more than 60,000 cases in the UK (Akgul et al.,
2006a; Dubina and Goldenberg, 2009; Feltkamp et al., 2008). Expo-
sure to UV radiation, along with fair skin and immune status,
represent the greatest risk factors for infection (Akgul et al., 2006a;
Feltkamp et al., 2008). A linkage between HPV and the development
of skin cancer was ﬁrst demonstrated in patients with the rare
autosomal recessive disorder epidermodysplasia verruciformis (EV).
EV is characterized by ﬂat, wart-like lesions in early childhood, that
develop into squamous cell carcinoma (SCC) in 30–50% of the patients
after one or two decades of persistence (Akgul et al., 2006a; Dubina
and Goldenberg, 2009; Feltkamp et al., 2008; zur Hausen, 2009).
Among the 14 types of HPVs found in benign tumors of EV patients,
HPV 5 and 8 are speciﬁcally linked to malignant lesions and actinic
keratoses and have been classiﬁed as high risk types (Akgul et al.,
2006a; Bouwes Bavinck et al., 2008; Dubina and Goldenberg, 2009;
Feltkamp et al., 2008; zur Hausen, 2009). Although EV patients are
rare, recent epidemiological studies indicate that the incidence of beta
genus HPV associated SCC is highly increased in immunocompro-
mised patients with beta-HPV DNA being detected in up to 90% of skin
cancers of such individuals (Akgul et al., 2006a). Transgenic mouse
lineages expressing all early genes of cutaneous HPV8 (HPV8-CER)
under the keratin-14 promoter develop papillomas, dysplasias and
SCC after UVA/B irradiation and this correlates with enhanced HPV8
oncogenes expression (Hufbauer et al.; Schaper et al., 2005).
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The HPV E7 proteins are small acidic phosphoproteins of
approximately 98–103 amino acids that are structurally and
functionally related to Adenovirus E1A protein and large T antigen
from Simian Virus 40 (SV40) (McLaughlin-Drubin and Munger,
2009). The E7 proteins contain 3 domains: the conserved region
(CR) 1, CR2, and the carboxyl terminal (C-terminal) domain. The
CR1 domain is necessary for cellular transformation and RB
degradation in high risk HPVs. The CR2 domain contains a conserved
pRB family binding site (LxCxE domain) and a consensus casein
kinase II (CKII) phosphorylation site (McLaughlin-Drubin and Munger,
2009). The C-terminal domain contains a zinc-binding domain that is
composed of two Cys-X-X-Cys motifs, separated by 29–30 amino
acids, and involved in dimerization of E7 proteins and association
with cellular complexes (Jones and Munger, 1996; McLaughlin-Drubin
and Munger, 2009; Zwerschke and Jansen-Durr, 2000).
In cervical cancer or carcinoma cell lines, the integration of the
viral genomes HPV16 or 18 into the cellular genome results in the
loss of expression of the viral E2 gene but maintains high levels of
the E6 and E7 oncoproteins. Mucosal high risk HPV E6 and E7
proteins can induce cellular immortalization and transformation
cooperatively, and are necessary for induction and maintenance of the
transformed state (Rapp and Chen, 1998). High risk HPV16 E7
oncoprotein binds and inactivates several cellular proteins involved in
cell cycle control including retinoblastoma protein (pRb), the Rb-related
pocket proteins, p107 and p130 (Dyson et al., 1992, 1989; Munger et al.,
1989), E2F/cyclin A complex, cyclin E and the cyclin-dependent kinase
inhibitors p27 and p21 (Jones and Munger, 1996; McLaughlin-Drubin
and Munger, 2009; Zwerschke and Jansen-Durr, 2000).
Although there is a wealth of information regarding the activities
and interactions of mucosal alpha genus HPV E7 oncoproteins, much
less is known about the cutaneous beta genus HPV E7 proteins. The
cutaneous HPV8 E7 oncoprotein has a weaker interaction with pRB
than HPV16 E7 oncoprotein (34% afﬁnity) and can transform rodent
cells only in collaboration with an activated H-ras gene (Yamashita
et al., 1993). However, expression of HPV8 E7 protein in primary
human keratinocytes can cause polyploidy that is associated with
decreased levels of pRb and p21 (Akgul et al., 2007). Expression of
HPV8 E7 also causes invasion of human keratinocytes into the dermis
of organotypic skin cultures and this is accompanied by overexpres-
sion of extracellular metalloproteinases (Akgul et al., 2005, 2006b).
Fig. 1. EGFP-8E7 and EGFP-8cE7 are predominantly nuclear in HeLa cells. (A) HeLa cells were transfected with EGFP-8E7 (panel A), EGFP-8nE7 (panel C) and EGFP-8cE7
(panel E) fusion plasmids and examined by confocal ﬂuorescence microscopy at 24 h post-transfection. Panels A, C and E show the EGFP ﬂuorescence and panels B, D and F
the DAPI staining of the nuclei. (B) Quantitative analysis of the intracellular localization of EGFP-8E7 and its domains. The data from experiments using EGFP-8E7, EGFP-8nE7,
EGFP-8cE7 and EGFP plasmids have been used for the quantitative analysis and graphic representation of percentage of cell numbers with speciﬁc intracellular localization.
Black bars, predominant nuclear localization; gray bars, pancellular localization.
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Nucleocytoplasmic transport takes place through the nuclear
pore complexes (NPCs) that span the nuclear envelope and are
assembled from some 30 different proteins called nucleoporins
(Nups) present in multiple copies. The Nups can be classiﬁed as
transmembrane Nups (Poms) involved in anchoring the NPC at the
nuclear envelope, structural Nups, and FG-Nups containing phe-
nylalanine–glycine (FG) repeats separated by hydrophilic spacers
(Terry and Wente, 2009). The FG-Nups function in nuclear import
and export via hydrophobic interactions with karyopherins
(importins and exportins) that transport different cargoes. Major
mammalian FG-Nups involved in nuclear import mediated by
karyopherins/importins include Nup62 located at the central
transport channel, Nup214 and Nup358 on the cytoplasmic ﬁbers
of the NPC and Nup153 on the nucleoplasmic ﬁbers of the NPC.
Overall, multiple, rapid, low-afﬁnity interactions between karyo-
pherins/importins and the FG-Nups mediate the translocation of
different cargoes through the NPC into the nucleus (Terry and
Wente, 2009). The FG nucleoporins, Nup62 and Nup153, have been
shown to be also involved in nuclear import of cargoes that can
interact directly with their FG repeats, bypassing the requirement
for karyopherins (Tsuji et al., 2007; Zhong et al., 2005).
We have previously investigated and characterized the nucleo-
cytoplasmic trafﬁc of mucosal HPV E7 oncoproteins. We discov-
ered that mucosal HPV16 E7 and HPV11 E7 enter the nucleus via a
Ran-dependent pathway, independent of karyopherins/importins,
and this pathway is mediated by their zinc-binding domain via
hydrophobic interactions with the FG nucleoporin Nup62
(Angeline et al., 2003; Eberhard et al., 2013; Knapp et al., 2009;
Piccioli et al., 2010; McKee et al., 2013). Nup62 is located at the
central channel of the NPC and forms triple helices with Nup54
that project alternatively up and down from either side of the
midplane Nup54-Nup58 ring, and constitute cytoplasmic and
nucleoplasmic interaction sites for nuclear import and export
complexes (Solmaz et al., 2011).
A recent study showed that Flag-HPV8 E7 expressed in trans-
fected human keratinocytes is predominantly localized in the
nucleus with some low levels in the cytoplasm (Sperling et al.,
2012). However, nothing was known about the nucleocytoplasmic
trafﬁc of cutaneous beta genus HPV E7 proteins.
In this study we explored the nuclear import of cutaneous
beta genus HPV8 E7 oncoprotein. We determined that HPV8 E7
contains a cNLS within its zinc-binding domain that mediates its
Fig. 2. GST-8E7 and GST-8cE7 are imported into the nuclei of digitonin- permeabilized HeLa cells. Digitonin-permeabilized HeLa cells were incubated with GST-8E7 (panels
A and C), GST-8nE7 (panels E and G), GST-8cE7 (panels I and K), M9-GST (panels M and O) and GST (panels Q and S) in the presence of either transport buffer (A, E, I, M, and
Q) or exogenous HeLa cytosol (panels C, G, K, O and S). Protein localization was detected with an anti-GST antibody. Panels A, C, E, G, I, K, M, O, Q and S show the protein
localization and panels B, D, F, H, J, L, N, P, R and T the DAPI staining of the nuclei.
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nuclear import and localization. Furthermore, we discovered that a
mostly hydrophobic patch 65LRLFV69 within the zinc-binding
domain mediates nuclear import and localization of HPV8 E7 via
hydrophobic interactions with the FG nucleoporins Nup62 and
Nup153. Substitution of the hydrophobic residues within the
65LRLFV69 patch with alanine, and not R66A mutation, disrupt
the interactions between the 8E7 zinc-binding domain and Nup62
and Nup153 leading to a loss of nuclear import function of the
cNLS. As Nup62 is located at the central channel of the NPC and
Nup153 at the nuclear basket of the NPC, inhibiting the interaction
of HPV8 E7 with the FG repeats of Nup62 would inhibit its
translocation through the NPC toward the nuclear basket and
consequently nuclear import. Indeed, we found that an antibody
to the FG repeats domain of Nup62 efﬁciently inhibits nuclear
import of HPV8 E7 oncoprotein in digitonin-permeabilized
HeLa cells.
Results
Nuclear import of cutaneous HPV8 E7 oncoprotein is mediated
by a cNLS located within its zinc-binding domain
In order to investigate the intracellular localization of cuta-
neous HPV8 E7 oncoprotein we used transient transfections in
HeLa cells with a plasmid containing EGFP fused to the N-terminus
of HPV8 E7 oncoprotein. Confocal ﬂuorescence microscopy
showed that the expressed EGFP-8E7 fusion protein was localized
predominantly in the nucleus in the majority of cells (Fig. 1A,
panel A; Fig. 1B), whereas EGFP itself was, as expected, pancellular
(Fig. 1B). To determine which domains of HPV8 E7 mediate its
nuclear localization we made EGFP fusion plasmids with the N-
terminal domain (containing the CR1 and CR2 domains) and with
the CR3 domain (containing the zinc-binding domain). We trans-
fected HeLa cells with the EGFP-8nE7 and EGFP-8cE7 plasmids and
analyzed their localization using confocal ﬂuorescence microscopy.
This analysis showed that EGFP-8cE7 was nuclear in the majority
of cells (Fig. 1A, panel E and Fig. 1B) similar with the nuclear
localization of EGFP-8E7 full length protein. In contrast, EGFP-
8nE7 was pancellular in the majority of cells (Fig. 1A, panel C and
Fig. 1B) similar with the EGFP itself. These data suggest that the
NLS of HPV8 E7 mediating its nuclear localization is located within
the CR3 domain (we designate it cNLS).
In order to investigate the nuclear import of HPV8 E7 mediated
by this cNLS we generated GST fusion proteins containing either
the 8E7 full length, or the N-terminal domain (8nE7), or the CR3
domain (8cE7) and we performed in vitro nuclear import assays. In
these experiments digitonin-permeabilized HeLa cells were incu-
bated separately with GST-8E7, GST-8nE7, GST-8cE7, M9-GST (as a
positive control for nuclear import), or GST (as a negative control)
in two conditions: only transport buffer or exogenous HeLa
cytosol. The detection of the cellular localization of the GST fusion
proteins was performed with a GST antibody and analysis via
confocal ﬂuorescence microscopy. The positive control, M9-GST
was imported into the nucleus in the presence of HeLa cytosol
(Fig. 2, panel O), whereas the GST negative control was not (Fig. 2,
panel S). Signiﬁcantly, both the GST-8E7 and GST-8cE7 were
imported into the nucleus in the presence of HeLa cytosol (Fig. 2,
panels C and K), whereas GST-8nE7 was not (Fig. 2, panel G). These
data conﬁrm that the cutaneous HPV8 E7, similar to the mucosal
HPV16 E7 and HPV11 E7, contains a cNLS within the CR3 domain
that is able to mediate its nuclear import.
Previously we determined that the cNLSs of both HPV16 E7
and HPV11 E7 require an intact zinc-binding domain in order to
mediate nuclear import (Piccioli et al., 2010; Eberhard et al., 2013).
To investigate if this requirement is conserved for HPV8 E7,
we performed site-directed mutagenesis of Cys residues involved
in zinc coordination in each of the two Cys-X-X-Cys motifs in the
context of EGFP-8cE7 and generated the following mutants: CC60/
61AA, C91A and C91A/C94A. The CC60/61AA and C91A/C94A
mutants are designated CC60AA and C91/94A for simplicity. HeLa
cells were transiently transfected with EGFP-8cE7 wild type, and
the EGFP-8cE7 cysteine mutant plasmids and the localization of
the expressed proteins was analyzed using confocal ﬂuorescence
microscopy 24 h post transfection. All EGFP-8cE7 cysteine
mutants, CC60AA, C91A and C91/94A had pancellular localization
in the majority of cells with a small percent of cells having
cytoplasmic localization (Fig. 3A); this is in contrast with the
nuclear localization of EGFP-8cE7 wild type in the majority of cells
(Fig. 3A). Immunoblot analysis of the expressed EGFP-8cE7
cysteine mutants with a GFP antibody indicated that all cysteine
mutants were well expressed at similar levels as the EGFP-8cE7
wild type (Fig. 3B). Together these data suggest that an intact zinc-
binding domain is essential for the efﬁcient nuclear localization of
8cE7 and that loss of zinc coordination caused by mutating the
involved cysteine residues to alanine leads to pancellular
localization.
Fig. 3. (A) Quantitative analysis showing that mutations of cysteine residues
involved in zinc coordination change the nuclear localization of EGFP-8cE7. The
data from four experiments using EGFP-8cE7, EGFP-8cE7CC60AA, EGFP-8cE7C91A, and
EGFP-8cE7C91/94A plasmids were used for the quantitative analysis and graphic
representation of percentage of cell numbers with speciﬁc intracellular localization.
Black bars, predominant nuclear localization; gray bars, pancellular localization;
dotted bars, predominant cytoplasmic localization. (B) The EGFP-8cE7 cysteine
mutants are well expressed in HeLa cells. HeLa cells were transfected with EGFP-
8cE7 (lane 1), EGFP-8cE7CC60AA (lane 2), EGFP-8cE7C91A (lane 3), EGFP-8cE7C91/94A
(lane 4) and EGFP (lane 5). Cell lysates were prepared 24 h post-transfection and
probed with a GFP antibody.
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We also generated the minimal C91A mutation in the context of
GST-8E7 and analyzed this cysteine mutant in nuclear import
assays in comparison with the wild type. Digitonin-permeabilized
HeLa cells were incubated with GST-8E7 wild type, GST-8E7C91A,
M9-GST or GST in the absence or presence of HeLa cytosol. GST-
8E7 and M9-GST positive control were imported into the nuclei in
the presence of cytosol (Fig. 4, panels C and K). Signiﬁcantly, the
GST-8E7C91A mutant was not imported into the nuclei in the
presence of cytosol, and behaved the same as the GST negative
control (Fig. 4, panels G and O). These data conﬁrm that an intact
zinc-binding domain is essential for the nuclear import activity of
the cNLS of HPV8 E7. Interestingly, in transfection assays, the
EGFP-8E7C91A mutant exhibited only a very small reduction of
nuclear localization in comparison with the wild type, with 72.29%
72.46% cells showing mostly nuclear localization and 27.69%
72.46% cells with pancellular localization. As mutations of
cysteine residues involved in zinc-coordination can result in loss
of E7 dimerization, and the EGFP-8E7C91A monomer is below the
limit of passive diffusion through the NPC, the nuclear localization
of EGFP-8E7C91A may be a result of passive diffusion coupled with
nuclear retention mediated by the N-terminal domain of 8E7 (as
the EGFP-8cE7C91A lacking the N-terminal domain has pancellular
localization like EGFP itself).
A hydrophobic patch within the zinc-binding domain is essential for
the nuclear localization of HPV8 E7 oncoprotein
We previously found that small hydrophobic patches of amino
acids, 65VRLVV69, within the zinc-binding domain of HPV11 E7,
and 65LRLCV69, within the zinc-binding domain of HPV16 E7, are
essential for the nuclear localization of these E7 oncoproteins
(Eberhard et al., 2013; McKee et al., 2013). The cutaneous HPV8 E7
oncoprotein contains a homologous, hydrophobic sequence
65LRLFV69 within its zinc-binding domain. To investigate if this
65LRLFV69 patch is required for mediating HPV8 E7 nuclear
localization we used site-directed mutagenesis to replace all ﬁve
amino acids with alanines and generated the LRLFV65-69AAAAA
mutation in the context of EGFP-8E7 and EGFP-8cE7. The LRLFV65-
69AAAAA mutant is designated LRLFV65AAAAA for simplicity.
HeLa cells were transiently transfected with EGFP-8E7 and EGFP-
8cE7 wild type and the corresponding LRLFV65AAAAA mutant
plasmids and the localization of the expressed proteins was
analyzed 24 h post transfection using confocal ﬂuorescence micro-
scopy. Signiﬁcantly, both EGFP-8E7LRLFV65AAAAA and EGFP-
8cE7LRLFV65AAAAA had pancellular localization in the majority of
transfected cells (Fig. 5A, panels B and D; and Fig. 5C), in contrast
with the mostly nuclear localization of the corresponding wild
type proteins (Fig. 5A, panels A and C and Fig. 5C). We also
generated single mutant plasmids by substituting the arginine at
position 66 with alanine in the context of EGFP-8E7 and EGFP-
8cE7 and analyzed the localization of the expressed proteins 24 h
post transfection. Both EGFP-8E7R66A and EGFP-8cE7R66A had
mostly nuclear localization in the majority of cells (Fig. 5B, panels
B and D and Fig. 5D) similar with the nuclear localization of the
corresponding wild type proteins (Fig. 5B, panels A and C and
Fig. 5D). These data suggest that the hydrophobic residues within
the 65LRLFV69 patch are essential for the nuclear localization of
8E7 and its zinc-binding domain, whereas the arginine residue at
position 66 does not play any role in this process. As the EGFP-
8cE7 cysteine mutants had also pancellular localization in the
Fig. 4. The C91A mutation disrupts the nuclear import of GST-8E7. Digitonin- permeabilized HeLa cells were incubated with GST-8E7 (panels A and C), GST-8E7C91A (panels E
and G), M9-GST (panels I and K) and GST (panels M and O) in the presence of either transport buffer (panels A, E, I and M) or exogenous HeLa cytosol (panels C, G, K and O).
Protein localization was detected with an anti-GST antibody. Panels A, C, E, G, I, K, M and O show the protein localization and panels B, D, F, H, J, L, N and P the DAPI staining of
the nuclei.
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majority of cells, we suggest that the loss of zinc coordination in
the cysteine mutants can lead to structural changes within the
zinc-binding domain that would make unavailable the critical
hydrophobic residues of the cNLS.
To further analyze the role of the 65LRLFV69 patch in nuclear
import we introduced the same mutations in the context of GST-8E7
and performed nuclear import assays. Digitonin-permeabilized HeLa
cells were incubated separately with GST-8E7, GST-8E7LRLFV65AAAAA,
GST-8E7R66A, or GST in presence or absence of HeLa cytosol.
Both GST-8E7 and GST-8E7R66A were imported into the nuclei
of digitonin-permeabilized cells in the presence of HeLa cytosol
(Fig. 6, panels C and K). In contrast, the GST-8E7LRLFV65AAAAA failed
to undergo nuclear import and behaved like the GST negative
control (Fig. 6, panels G and O). These data clearly indicate that
these hydrophobic residues within the 65LRLFV69 patch are essen-
tial for nuclear import of 8E7 whereas the arginine residue does
not play any role in this process.
HPV8 E7 interacts via its zinc-binding domain with the FG
nucleoporins Nup62 and Nup153
The karyopherins/importins mediate nuclear import through
multiple, non-speciﬁc low afﬁnity interactions between small
hydrophobic pockets present on their surface and the FG repeats
of FG nucleoporins at the NPC (Terry and Wente, 2009). In order to
investigate if the 65LRLFV69 hydrophobic patch of HPV8 E7
mediates its nuclear import through non-speciﬁc interactions with
FG nucleoporins we performed isolation assays.
For these experiments, we ﬁrst focused our efforts on the FG
nucleoporin Nup62, which is located at the central channel of the
NPC and interacts with karyopherins/importins mediating nuclear
import of cargoes (Solmaz et al., 2011). In these isolation assays we
used GST-Nup62N, containing all six FG repeats of Nup62, GST-
Nup62C, lacking any FG repeats and GST, as a negative control.
These GST-fusion proteins immobilized on glutathione-Sepharose
beads were incubated with HeLa cell lysates containing the
expressed EGFP-8E7, EGFP-8cE7 and EGFP. The bound proteins
were eluted and analyzed using immunoblotting with a GFP
antibody. Binding of Kap β2/transportin to Nup62N was also
analyzed and used as a positive control (Fig. 7A, lane 16). Kap β2
did not interact with GST-Nup62C (data not shown) or GST
(Fig. 7A, lane 24). Signiﬁcantly, both EGFP-8E7 and EGFP-8cE7
bound to GST-Nup62N (Fig. 7A, lanes 9 and 12) but not to GST-
Nup62C (data not shown) or GST (Fig. 7A, lanes 17 and 20). These
data indicate that HPV8 E7 can speciﬁcally interact with the FG
domain of Nup62 via its zinc- binding domain.
To investigate the role of the hydrophobic residues of
the 65LRLFV69 sequence in this interaction we performed
Fig. 5. (A) Mutation of hydrophobic residues within the zinc-binding domain changes the nuclear localization of EGFP-8E7 and EGFP-8cE7. HeLa cells were transfected with
EGFP-8E7 (panel A), EGFP-8E7LRLFV65AAAAA (panel B), EGFP-8cE7 (panel C) and EGFP-8cE7LRLFV65AAAAA (panel D) plasmids and examined by confocal ﬂuorescence microscopy
at 24 h post-transfection. Panels A-D represent EGFP ﬂuorescence, and panels E-H represent the DAPI staining of the nuclei. (B) The R66A mutation has no effect on the
nuclear localization of EGFP-8E7 and EGFP-8cE7. HeLa cells were transfected with EGFP-8E7 (panel A), EGFP-8E7R66A (panel B), EGFP-8cE7 (panel C) and EGFP-8cE7R66A
(panel D) plasmids and examined by confocal ﬂuorescence microscopy at 24 h post-transfection. Panels A-D represent EGFP ﬂuorescence, and panels E-H represent the DAPI
staining of the nuclei. (C) Quantitative analysis of the effect of mutation of hydrophobic residues within the zinc-binding domain on the localization of EGFP-8E7 and EGFP-
8cE7. The data from four experiments using EGFP-8E7, EGFP-8E7LRLFV65AAAAA, EGFP-8cE7 and EGFP-8cE7LRLFV65AAAAA plasmids were used for the quantitative analysis and
graphic representation. Black bars, cells with predominant nuclear localization; gray bars, cells with pancellular localization. (D) Quantitative analysis showing that the R66A
mutation has no effect on the nuclear localization of EGFP-8E7 and EGFP-8cE7. The data from four experiments using EGFP-8E7, EGFP-8E7R66A, EGFP-8cE7 and EGFP-8cE7R66A
plasmids were used for the quantitative analysis and graphic representation. Black bars, cells with predominant nuclear localization; gray bars, cells with pancellular
localization.
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experiments using HeLa cell lysates containing the expressed
EGFP-8E7LRLFV65AAAAA, EGFP-8cE7LRLFV65AAAAA, EGFP-8E7R66A and
EGFP-8cE7R66A mutants in parallel with the corresponding wild
type proteins. Both EGFP-8E7R66A and EGFP-8cE7R66A mutants
interacted with GST-Nup62N and not with GST (Fig. 7A, lanes 11,
14, 19 and 22), similar to their corresponding EGFP-8E7 and EGFP-
8cE7 wild type proteins (Fig. 7A, lanes 9, 12, 17 and 20).
Signiﬁcantly, both EGFP-8E7LRLFV65AAAAA, EGFP-8cE7LRLFV65AAAAA
failed to bind to GST-Nup62N (Fig. 7A, lanes 10 and 13). As
expected, EGFP did not interact with either GST-Nup62N or GST
(Fig. 7A, lanes 15 and 23). Together these data strongly suggest
that the hydrophobic residues of 65LRLFV69 patch are essential for
the interaction between the 8E7 zinc-binding domain and the FG
domain of Nup62, and this correlates well with their role in
nuclear import and localization of 8E7. In contrast, the arginine
residue at position 66 plays no role in these processes.
Nup153 is another FG nucleoporin (contains some 30 FG
repeats) and it is located at the nucleoplasmic ﬁbers (nuclear
basket) of the NPC. It has been shown that Nup153 interacts with
karyopherins (importins and exportins) to mediate nuclear import
and export of cargoes (Ball and Ullman, 2005). We therefore
investigated if HPV8 E7 also interacts with Nup153 in addition to
Nup62. For these experiments we used GST- Nup153 (aa 346-1175,
containing the zinc ﬁnger domains and FG repeats of Nup153) and
GST, as a negative control. These GST-fusion proteins immobilized
on glutathione- Sepharose beads were incubated with HeLa cell
lysates containing the expressed EGFP-8E7, EGFP-8E7LRLFV65AAAAA,
EGFP-8E7R66A, EGFP-8cE7, EGFP-8cE7LRLFV65AAAAA, EGFP-8cE7R66A,
and EGFP. The bound proteins were eluted and analyzed using
immunoblotting with a GFP antibody. Binding of Kap β2 to Nup153
was also analyzed and used as a positive control (Fig. 7B, lane 16).
Both EGFP-8E7 and EGFP-8cE7 bound to GST-Nup153 but not to
GST itself (Fig. 7B, lanes 9, 12, 17 and 20). Signiﬁcantly, the R66A
mutants bound to Nup153 as well as their corresponding wild type
proteins (Fig. 7B, lanes 11, 14, 19 and 22), whereas the
LRLFV65AAAAA mutants could not interact with Nup153 (Fig. 7B,
lanes 10, 13, 18 and 21). The EGFP negative control did not interact
with GST-Nup153 or GST (Fig. 7B, lanes15 and 23). Together these
data strongly suggest that HPV8 E7 interacts via its zinc-binding
domain with Nup153 and that the hydrophobic residues in the
65LRLFV69 patch are essential for this interaction whereas the
positively charged R66 residue plays no role.
As HPV8 E7 interacts with the FG nucleoporins Nup62 and
Nup153 in a similar manner as the karyopherins/importins via
hydrophobic interactions, it would be expected that karyopherins
in excess would compete with 8E7 for binding to the FG nucleoporins
and inhibit its nuclear import. Indeed, we found that Kap β2 in excess
inhibited nuclear import of GST-8E7 in digitonin-permeabilized HeLa
cells (Fig. 8, panels A and C). As M9 is the NLS of hnRNPA1 imported
into the nucleus by Kap β2, excess of Kap β2 did not have an
inhibitory effect on nuclear import of M9-GST (Fig. 8, panels E and G).
Nup62 is located at the central channel of the NPC with FG
repeats domains projecting alternatively up and down from either
side of the midplane Nup54-Nup58 ring (Solmaz et al., 2011),
whereas Nup153 is located at the nucleoplasmic ﬁbers that form
the nuclear basket of the NPC (Ball and Ullman, 2005). Therefore
during its nuclear import, HPV8 E7 will interact ﬁrst with the FG
repeats of Nup62 and then with the FG repeats of Nup153, with
both of these interactions contributing to the translocation of the
HPV8 E7 through the NPC. This would suggest that inhibiting the
interaction between HPV8 E7 and the FG repeats of Nup62 would
inhibit nuclear import of HPV8 E7. To test this we performed
nuclear import assays in digitonin-permeabilized HeLa cells with
GST-8E7 in presence of cytosol and either in the absence or in the
presence of an antibody to the FG repeats domain of Nup62
(Fig. 9). We found that the Nup62 antibody indeed inhibited the
Fig. 6. Mutation of hydrophobic residues within the zinc-binding domain disrupts the nuclear import of HPV8 E7 oncoprotein. Digitonin-permeabilized HeLa cells were
incubated with GST-8E7 (panels A and C), GST-8E7LRLFV65AAAAA (panels E and G), GST-8E7R66A (panels I and K) and GST (panels M and O), in the presence of only transport
buffer (panels A, E, I, and M) or HeLa cytosol and energy mix (panels C, G, K and O). Panels A, C, E, G, I, K, M and O show the protein localization and panels B, D, F, H, J, L, N
and P the DAPI staining of the nuclei.
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nuclear import of GST-8E7 (Fig. 9, compare panels B and C). The
GST negative control was not imported in the presence of cytosol
(Fig. 9, panel D).
The interactions with FG nucleoporins are conserved between the E7
proteins of different HPV types
Previously, we have determined that the high risk HPV16 E7
and low risk HPV11 E7 interact with the FG domain of Nup62 and
that the hydrophobic residues in the 65LRLCV69 and 65VRLVV69
patches are critical for these interactions (Eberhard et al., 2013;
McKee et al., 2013). However, at that time we did not explore the
interactions of HPV16 E7 and HPV11 E7 with Nup153. To investi-
gate if the interaction with Nup153 is conserved between the E7
proteins we incubated GST-Nup153 and GST immobilized on
glutathione-Sepharose beads with HeLa cell lysates containing
EGFP-16E7, EGFP-16E7LRLCV65AAAAA, EGFP-16E7R66A and EGFP and
analyzed the bound proteins using immunoblotting with GFP
antibody. Both EGFP-16E7 wild type and EGFP-16E7R66A mutant
bound to GST-Nup153 and not to GST itself (Fig. 10A, lanes 6, 8, 11
and 13). Signiﬁcantly, the EGFP-16E7LRLCV65AAAAA did not interact
with GST-Nup153 and behaved like the EGFP negative control
(Fig. 10A, lanes 7 and 9). We performed similar binding assays with
HPV11 E7 and the VRLVV65AAAAA and R66A mutants and found
that EGFP-11E7 wild type and EGFP-11E7R66A mutant bound to
GST-Nup153 and not to GST itself (Fig. 10B, lanes 6, 8, 11 and 13).
Moreover, the EGFP-11E7VRLVV65AAAAA did not interact with GST-
Nup153 (Fig. 10B, lane 7). These data show that the mucosal HPV16
E7 and HPV11 E7 proteins also interact with Nup153, in addition to
Nup62, and that the hydrophobic residues of the 65LRLCV69 and
65VRLVV69 patches are essential for this interaction.
Another high risk cutaneous beta genus HPV closely related to
HPV8 is HPV5. The 65LRLFV69 patch of HPV8 E7 oncoprotein is
highly homologous with 65LRIFV69 in HPV5 E7. Moreover, HPV5 E7
also contains a cNLS located within the CR3 domain able to
mediate its nuclear import and localization (data not shown).
Therefore we investigated if the HPV5 E7 oncoprotein could bind
to Nup153 and Nup62N. For these experiments we used EGFP-5E7
and EGFP-5cE7 (containing the CR3 domain of 5E7). Both EGFP-
5E7 and EGFP-5cE7 bound to GST-Nup153 and not to GST itself
Fig. 7. (A) HPV8 E7 interacts via its zinc-binding domain with the FG domain of Nup62 and mutations of hydrophobic residues disrupt its interaction. Hela cells were
transfected with EGFP-8E7 (lane 1), EGFP-8E7LRLFV65AAAAA (lane 2), EGFP-8E7R66A (lane 3), EGFP-8cE7 (lane 4), EGFP-8cE7LRLFV65AAAAA (lane 5), EGFP-8cE7R66A (lane 6) and
EGFP (lane 7) and cell lysates were prepared 24 h post-transfection and probed with a GFP antibody. HeLa cells lysate was also probed for Kap β2 (lane 8). GST- Nup62N
(lanes 9-15) and GST (lanes 17 and 23) immobilized on glutathione-Sepharose were incubated with the cell lysates and the bound proteins were eluted and analyzed by
immunobloting with a GFP antibody (lanes 9 and 17, EGFP-8E7; lanes 10 and 18, EGFP-8E7LRLFV65AAAAA; lanes 11 and 19, EGFP-8E7R66A; lanes 12 and 20, EGFP-8cE7; lanes 13
and 21, EGFP-8cE7LRLFV65AAAAA; lanes 14 and 22, EGFP-8cE7R66A; lanes 15 and 23, EGFP). Binding of Kap β2 to GST-Nup62N and GST was also analyzed (lanes 16 and 24).
(B) HPV8 E7 binds to Nup153 and mutations of hydrophobic residues within its zinc-binding domain inhibit this interaction. A. Hela cells were transfected with EGFP-8E7
(lane 1), EGFP-8E7LRLFV65AAAAA (lane 2), EGFP-8E7R66A (lane 3), EGFP-8cE7 (lane 4), EGFP-8cE7LRLFV65AAAAA (lane 5), EGFP-8cE7R66A (lane 6) and EGFP (lane 7) and cell lysates
were prepared 24 h post transfection and probed with GFP antibody. HeLa cells lysate was also probed for Kap β2 (lane 8). GST-Nup153 (lanes 9 to 15) and GST (lanes 17 to
23) immobilized on glutathione-Sepharose were incubated with the cell lysates and the bound proteins were eluted and analyzed by immunobloting with a GFP antibody
(lanes 9 and 17, EGFP-8E7; lanes 10 and 18, EGFP-8E7LRLFV65AAAAA; lanes 11 and 19, EGFP-8E7R66A; lanes 12 and 20, EGFP-8cE7; lanes 13 and 21, EGFP-8cE7LRLFV65AAAAA; lanes
14 and 22, EGFP-8cE7R66A; lanes 15 and 23, EGFP). Binding of Kap β2 to GST-Nup153 and GST was also analyzed (lanes 16 and 24).
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(Fig. 10C, lanes 4, 5, 7 and 8). Kap β2 interacted with GST-Nup153
and not with GST (Fig. 10C, lanes 11 and 12), whereas EGFP did not
interact with either protein (Fig. 10C, lanes 6 and 9). EGFP-5E7 and
EGFP-5cE7 interacted also with GST-Nup62N and not with GST-
Nup62C or GST (data not shown). Together these results indicate
that the cutaneous HPV5 E7 oncoprotein is also able to interact
with both FG nucleoporins, Nup62 and Nup153.
Discussion
We have previously discovered and characterized the nuclear
import pathways and cNLSs of E7 oncoproteins of mucosal alpha
genus HPV, types 16 and 11 (Angeline et al., 2003; Eberhard et al.,
2013; Knapp et al., 2009; McKee et al., 2013; Piccioli et al., 2010). In
this study we investigated the nuclear import pathway and cNLS
of cutaneous high risk beta genus HPV8 E7 oncoprotein. We used
confocal ﬂuorescence microscopy after transient transfections in
HeLa cells with EGFP fusion plasmids containing 8E7 and different
mutants and nuclear import assays in digitonin-permeabilized
HeLa cells with GST fusion proteins containing 8E7 and different
mutants. We found that HPV8 E7 contains a cNLS within the zinc-
binding domain that mediates its nuclear import and localization.
The zinc-binding domain consists of two Cys-X-X-Cys motifs
separated by 30 amino acids and it is conserved between the E7
proteins of different HPV types (McLaughlin-Drubin and Munger,
2009). We previously determined that an intact zinc- binding
domain is essential for the nuclear import activity of the cNLS of
Fig. 8. Kap β2 in excess competes with GST-8E7 for nuclear import. Digitonin- permeabilized HeLa cells were incubated with GST-8E7 (panels A and C), M9-GST (panels E
and G) or GST (panels I and K) in the presence of HeLa cytosol, or Hela cytosol plus Kap β2 in excess. Panels A, C, E, G, I and K show the protein localization and panels B, D, F,
H, J and L the DAPI staining of the nuclei. Note the nuclear import of GST-8E7 in panel A and its inhibition in panel C.
Fig. 9. An antibody to Nup62 FG repeats domain inhibits the nuclear import of HPV8 E7. Digitonin-permeabilized HeLa cells were incubated with GST-8E7 in the presence of
only transport buffer (panel A), or HeLa cytosol (panel B) or HeLa cytosol plus anti-Nup62 antibody (panel C), or with GST in the presence of HeLa cytosol (panel D). Note the
nuclear import of GST-8E7 in panel B and its inhibition in panel C. The negative control GST was not imported into the nucleus in the presence of HeLa cytosol (panel D).
Panels E–H represent the DAPI staining of the nuclei.
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mucosal low risk HPV11 E7 and high risk HPV16 E7 (Eberhard et al.,
2013; Piccioli et al., 2010). Here, we found that this requirement is
conserved for the cutaneous high risk HPV8 E7, as mutations of Cys
residues in the two Cys-X-X-Cys motifs that affect the zinc binding
changed the nuclear localization of the EGFP-8cE7 CC60AA, C91A,
C91/94A mutants to pancellular and disrupted the nuclear import of
GST-8E7C91A mutant. These data would suggest that loss of zinc
coordination would lead to conformational changes in the zinc-
binding domain that would make unavailable the essential hydro-
phobic residues of 8E7’s cNLS.
We previously discovered small hydrophobic patches of amino
acids within the zinc-binding domains of HPV11 E7 (65VRLVV69),
and HPV16 E7 (65LRLCV69) that are essential for the nuclear import
of these mucosal HPV E7 oncoproteins via hydrophobic interac-
tions with the FG nucleoporin Nup62 (Eberhard et al., 2013; McKee
et al., 2013). In this study we found a homologous, mostly
hydrophobic patch 65LRLFV69 within the zinc-binding domain of
cutaneous HPV8 E7 that is essential for nuclear localization of
EGFP-8E7 and EGFP-8cE7 and nuclear import of GST-8E7 in
digitonin-permeabilized HeLa cells. Substitution of the hydropho-
bic residues within the 65LRLFV69 patch with alanines alters the
nuclear localization of EGFP-8E7 and EGFP-8cE7 and disrupts the
nuclear import of GST-8E7. In contrast, the R66A mutation has no
effect on the nuclear localization of EGFP-8E7 and EGFP-8cE7 and
nuclear import of GST-8E7, suggesting that this positively charged
arginine residue does not play any role in 8E7 nuclear import.
Signiﬁcantly, we determined that HPV8 E7 interacts via its zinc-
binding domain with the FG repeats domain of Nup62 and that the
hydrophobic amino acids of the 65LRLFV69 patch are essential for
this interaction, whereas arginine 66 plays no role. Moreover, we
found that HPV8 E7 also interacts via its zinc-binding domain with
the FG nucleoporin Nup153, and again the hydrophobic amino
acids of the 65LRLFV69 patch are essential for this interaction.
These data strongly suggest that nuclear import of cutaneous
HPV8 E7 oncoprotein is mediated by its zinc-binding domain via
multiple hydrophobic interactions with FG nucleoporins, ﬁrst with
Nup62 located at the central transport channel and then with
Nup153 located at the nuclear basket of the NPC. Indeed, we found
that an antibody to the FG repeats domain of Nup62 efﬁciently
inhibits nuclear import of HPV8 E7 oncoprotein in digitonin-
permeabilized HeLa cells.
Interestingly, we determined that the mucosal HPV16 E7 and
HPV11 E7 also interact via their zinc-binding domains with
Nup153 in addition to Nup62, and that the hydrophobic residues
of 65LRLCV69 and 65VRLVV69 patches are essential for these
interactions. Moreover, we found that another, cutaneous beta
genus HPV5 E7 oncoprotein also interacts via its zinc-binding
domain with Nup62 and Nup153. Together these data indicate that
the mechanism of nuclear import via hydrophobic interactions
with the FG nucleoporins Nup62 and Nup153 is conserved
between the E7 oncoproteins of different HPV types. There are
other viral proteins, like the TAX oncoprotein of HTLV-1 that can
Fig. 10. The E7 oncoproteins of mucosal HPV16 and 11 interact with Nup153 and
mutations of hydrophobic residues within their zinc-binding domain inhibit these
interactions. (A) HeLa cells were transfected with EGFP-16E7 (lane 1), EGFP-
16E7LRLCV65AAAAA (lane 2), EGFP-16E7R66A (lane 3), and EGFP (lane 4) and cell
lysates were prepared 24 h post-transfection and probed with GFP antibody. HeLa
cells lysate was also probed for Kap β2 (lane 5). GST-Nup153 (lanes 6 to 10) and GST
(lanes 11 to 15) immobilized on glutathione-Sepharose were incubated with the
cell lysates and the bound proteins were eluted and analyzed by immunobloting
with a GFP antibody (lanes 6 and 11, EGFP-16E7; lanes 7 and 12, EGFP-
16E7LRLCV65AAAAA; lanes 8 and 13, EGFP-16E7R66A; lanes 9 and 14, EGFP). Binding
of Kap β2 to GST-Nup153 and GST was also analyzed (lanes 10 and 15). (B) HeLa
cells were transfected with EGFP-11E7 (lane 1), EGFP-11E7VRLVV65AAAAA (lane 2),
EGFP-11E7R66A (lane 3), and EGFP (lane 4) and cell lysates were prepared 24 h post-
transfection and probed with GFP antibody. HeLa cells lysate was also probed for
Kap β2 (lane 5). GST-Nup153 (lanes 6 to 10) and GST (lanes 11 to 15) immobilized
on glutathione-Sepharose were incubated with the cell lysates and the bound
proteins were eluted and analyzed by immunobloting with a GFP antibody (lanes
6 and 11, EGFP-11E7; lanes 7 and 12, EGFP-11E7VRLVV65AAAAA; lanes 8 and 13, EGFP-
11E7R66A; lanes 9 and 14, EGFP). Binding of Kap β2 to GST-Nup153 and GST was also
analyzed (lanes 10 and 15). (C) The beta genus HPV5 E7 interacts via its zinc-
binding domain with Nup153. HeLa cells were transfected with EGFP-5E7 (lane 1),
EGFP-5cE7 (lane 2), and EGFP (lane 3) and cell lysates were prepared 24 h post
transfection and probed with GFP antibody. GST-Nup153 and GST immobilized on
glutathione-Sepharose were incubated with the cell lysates and the bound proteins
were eluted and analyzed by immunobloting with a GFP antibody (lanes 4 and 7,
EGFP-5E7; lanes 5 and 8, EGFP-5cE7; lanes 6 and 9, EGFP). Binding of Kap β2 to
GST-Nup153 and GST was also analyzed (lanes 11 and 12; lane 10, input of Kap β2).
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enter the nucleus via direct interactions of its zinc- binding
domain with Nup62 (Tsuji et al., 2007). Also, the nuclear import
of PU.1 transcription factor is independent of karyopherins and it
is mediated by direct binding to the FG nucleoporins, Nup62 and
Nup153 (Zhong et al., 2005).
The mechanism of nuclear import of HPV E7 proteins via direct
hydrophobic interactions with FG nucleoporins is unique in
comparison with other HPV proteins, like the L1 major capsid
protein, the L2 minor capsid protein and the E6 oncoprotein, that
use different karyopherins to enter the nucleus (Bordeaux et al.,
2006; Darshan et al., 2004; Klucevsek et al., 2006; Le Roux and
Moroianu, 2003; Nelson et al., 2002).
We previously determined that the mucosal HPV16 and HPV11
E7 proteins contain also a leucine-rich cNES within their zinc-
binding domains that mediates their nuclear export via a CRM1
pathway (Knapp et al., 2009; McKee et al., 2013). Future studies
can explore if the cutaneous HPV8 E7 oncoprotein can also
undergo nuclear export via a CRM1-mediated pathway.
Materials and methods
Generation of EGFP fusion plasmids with 8E7, 5E7 and their domains
The enhanced green ﬂuorescent protein (EGFP) expression
plasmid pEGFP-C1 (Clontech, Inc.) was used to construct EGFP-
8E7, EGFP-8nE71–42, EGFP-8cE743–103, EGFP-5E7, EGFP-5nE71–42,
and EGFP-5cE743–103 as follows. The pEGFP-C1 plasmid was double
digested with EcoR1 and BamH1, run on agarose gel and the
digested vector was extracted using the protocol from the QIA-
quick Gel Extraction Kit (Qiagen). DNA fragments spanning 8E7,
8cE7, 5E7 and 5cE7 were ampliﬁed using 8E7 and 5E7 in Gateway
vectors and primers with ﬂanking EcoR1 and BamH1 restriction
endonuclease sites. The PCR products were digested with the same
restriction enzymes and then ligated using T4 DNA ligase into the
EcoR1 and BamH1 cloning sites of pEGFP-C1 in-frame with the
EGFP sequence. The EGFP-8nE7 and EGFP-5nE7 were generated
using the QuikChange™ Site-Directed Mutagenesis Kit (Strata-
gene) with EGFP-8E7 and EGFP-5E7 as templates together with
mutagenesis primers containing a stop codon at amino acid 43. All
the resulting plasmids were used to transform XL1-Blue cells and
the puriﬁed plasmids were conﬁrmed by sequencing (Euroﬁns
MWG). In all these EGFP fusion proteins EGFP is at the N-terminus
of E7 or E7 domains.
Mutagenesis to generate different EGFP-8E7 and EGFP-8cE7 mutants
The cysteine mutants EGFP-8cE7CC60AA, EGFP-8cE7C91A and
EGFP-8cE7C91/94A were generated using the QuikChange™ Site-
Directed Mutagenesis Kit (Stratagene) with EGFP-8cE7 as tem-
plate, and the corresponding mutagenesis primer pairs. The EGFP-
8E7LRLFV65AAAAA, EGFP-8cE7LRLFV65AAAAA, EGFP-8E7R66A, EGFP-
8cE7R66A mutants were generated using the same QuikChange™
Site-Directed Mutagenesis Kit with EGFP-8E7 and EGFP-8cE7 as
templates, and the corresponding mutagenesis primer pairs. All
mutant plasmids were transformed into XL1-Blue competent cells
(Agilent Technologies), puriﬁed and sequenced for veriﬁcation
(Euroﬁns MWG).
The EGFP-16E7, EGFP-16E7LRLCV65AAAAA, and EGFP-16E7R66A
plasmids were previously generated (Eberhard et al., 2013).
Transient expression of EGFP fusion proteins and confocal microscopy
analysis
HeLa cells (ATCC) were plated on 12 mm poly-L-lysine-coated
glass coverslips to 50% conﬂuency for 24 h prior to transfection.
Cells in each well were transfected with the corresponding EGFP
fusion plasmid (as indicated in the ﬁgure legends) and the FuGENE
6 reagent (Roche Applied Science, IN). Media was changed to
DMEM with 10% FBS and 1% penicillin-streptomycin after 6 h and
the cells were ﬁxed 24 h after the initial transfection with 3.7%
formaldehyde in PBS (10 min). Coverslips were mounted using
Vectashield-DAPI mounting medium (Vector Labs, CA) to visualize
the nuclei by DAPI staining. The slides were examined by confocal
ﬂuorescence microscopy using a Leica TCS Sp5 broadband confocal
microscope and pictures were taken using Leica LAS AF software
(Leica Microsystems).
The intracellular localization phenotypes of the different EGFP
fusion proteins were scored as predominantly nuclear, pancellular
(both in the cytoplasm and nucleus with no accumulation in either
compartment), or predominantly cytoplasmic, as analyzed using
confocal ﬂuorescence microscopy. Data from at least four experi-
ments were used for the quantitative analysis. The graphical
representations for each quantitative analysis display average
values with standard deviations of percentage of cell numbers
with speciﬁc intracellular localization. Immunoblot analyses of the
expressed EGFP-8E7, EGFP-8cE7 and the different mutants per-
formed with a GFP antibody indicated that the proteins were well
expressed at the correct molecular weight and at similar levels.
Preparation of GST-8E7 and different mutants
A pGEX-4T1 expression plasmid was used to construct GST-8E7,
GST-8nE71–42, GST-8cE743–103 as follows: the pGEX-4T1 plasmid was
double digested with BamH1 and Xho1, run on agarose gel and the
digested vector was extracted using the protocol from the QIAquick
Gel Extraction Kit (Qiagen). DNA fragments spanning 8E7 and 8cE7
were PCR-ampliﬁed using 8E7 in a Gateway vector and primers with
ﬂanking BamH1 and Xho1 restriction endonuclease sites. The PCR
products were digested with the same restriction enzymes and then
ligated using T4 DNA ligase into the pGEX-4T1 cloning sites in-frame
with the GST sequence. The GST-8nE71–42 was generated using the
QuikChangeTM Site-Directed Mutagenesis Kit with GST-8E7 as a
template together with mutagenesis primers containing a stop codon
at amino acid 43. The GST-8E7R66A and GST-8E7LRLFV65AAAAA mutants
were generated using the QuikChange™ Site-DirectedMutagenesis Kit
with GST-8E7 as the template, and the corresponding mutagenesis
primer pairs. All the plasmids were transformed into XL1-Blue
competent cells, extracted using Quantum Preps Plasmid MidiPrep
kit and the puriﬁed plasmids were sequenced for veriﬁcation
(Euroﬁns MWG).
For protein expression and puriﬁcation, each GST-8E7 plasmid
was used to transform E. coli BL21 CodonPlus (Agilent Technolo-
gies). Bacteria were then induced with 1 mM IPTG for 2 h at 37 1C,
and each GST-fusion protein was puriﬁed in its native state on
glutathione-Sepharose beads (GE Healthcare) using a standard
procedure. The GST-M9 positive control (containing the NLS of
hnRNPA1) and GST negative control were also prepared on
glutathione-Sepharose beads using a standard procedure. All
puriﬁed GST fusion proteins were dialyzed in transport buffer
(20 mM HEPES-KOH pH 7.3, 110 mM potassium acetate, 2 mM
magnesium acetate, 1 mM EGTA, and 2 mM DTT) plus the protease
inhibitors leupeptin and aprotinin. Puriﬁed and dialyzed proteins
were aliquoted and stored at -80 1C. All proteins were checked for
purity and lack of proteolytic degradation by SDS-PAGE and
Coomassie Blue staining.
In vitro nuclear import assays
Nuclear import assays were performed according to previously
established protocols (Angeline et al., 2003; Knapp et al., 2009;
Piccioli et al., 2010). Brieﬂy, subconﬂuent HeLa cells, grown on
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12 mm poly-L-lysine coated glass coverslips for 24 h, were per-
meablized with 70 μg/ml digitonin for 5 min on ice to selectively
permeabilize the plasma membrane while leaving the nuclear
envelope intact. After three washes with cold transport buffer, the
permeabilized cells were incubated with the import mixture for
30 min. Each import mixture contained an energy regenerating
system (1 mM GTP, 1 mM ATP, 5 mM phosphocreatine, and 0.4U
creatine phosphokinase) and the different GST fusion proteins (as
indicated in the ﬁgure legend). In addition, each import contained
either 3 ng/μl BSA in transport buffer, or HeLa cytosol. In the
competition assays 5 μg of Kap β2 was added to the import
reaction. In the inhibition experiments with anti-Nup62 antibody
(SAB2101664, Sigma) the digitonin-permeabilized cells were pre-
incubated for 15 min with 1:100 dilution of anti-Nup62 and the
same dilution of the anti-Nup62 antibody was present in the
import reaction. All ﬁnal import reaction volumes were adjusted
to 20 μl with transport buffer. For visualization of nuclear import,
the GST fusion proteins were detected by immunoﬂuorescence
with a goat anti-GST antibody for 30 min followed by FITC-
conjugated rabbit anti-goat secondary antibody for 30 min. After
three ﬁnal washes, the coverslips were mounted using
Vectashield-DAPI mounting medium to identify the nuclei by DAPI
staining. Nuclear import was analyzed by confocal ﬂuorescence
microscopy using a Leica TCS Sp5 broadband confocal microscope
and representative images were taken using Leica LAS AF software.
Preparation of GST-Nup62N, GST-Nup62C and GST-Nup153
The GST-Nup62N (containing aa 1-265 of Nup62), GST-Nup62C
(containing aa 178-522 of Nup62) and GST-Nup153 (containing aa
346-1175) plasmids (Zhong et al., 2005) were kindly provided
by Dr. Nabeel Yaseen. For protein expression and puriﬁcation the
GST-Nup62N, GST-Nup62C and GST-Nup153 plasmids were used
to transform E. coli BL21 CodonPlus. After induction of the bacteria
with 1 mM IPTG for 2 h, GST-Nup62N, GST-Nup62C and GST-
Nup153 were puriﬁed in their native state on Glutathione-
Sepharose beads using a standard procedure.
Isolation assays
Before performing the binding assays, GST-Nup62N and GST-
Nup62C immobilized on glutathione-Sepharose were analyzed by
SDS-PAGE and Coomassie staining. This analysis showed the presence
of the intact proteins, and also some degradation. HeLa cell lysates
containing the expressed EGFP-8E7, EGFP-8E7LRLFV65AAAAA, EGFP-
8E7R66A, EGFP-8cE7, EGFP-8cE7LRLFV65AAAAA, EGFP-8cE7R66A and EGFP
were incubated with GST-Nup62N (containing the FG domain of
Nup62), GST-Nup62C (lacking any FG repeats) or with GST immobi-
lized on glutathione-Sepharose for 1 h at 4 1C. After washing the
beads to remove nonspeciﬁc binding the bound proteins were
analyzed by immunobloting with a GFP antibody. As a positive
control for binding to Nup62N, we analyzed the binding of Kap β2
nuclear import receptor to GST-Nup62N by incubating the HeLa cell
lysate with GST-Nup62N, GST-Nup62C, or GST and the bound proteins
were detected by immunobloting with a Kap β2 antibody. Similar
binding experiments were performed with EGFP-5E7 and EGFP-5cE7.
Analysis of GST-Nup153 immobilized on glutathione-Sepharose
beads by SDS- PAGE and Coomassie staining showed the presence
of the intact protein. HeLa cell lysates containing the expressed
EGFP-8E7, EGFP-8E7LRLFV65AAAAA, EGFP-8E7R66A, EGFP-8cE7, EGFP-
8cE7LRLFV65AAAAA, EGFP-8cE7R66A and EGFP were incubated with
GST-Nup153 or GST immobilized on glutathione-Sepharose in the
same conditions as described above and the detection of the
bound proteins was performed using immunobloting with a GFP
antibody. Again binding of Kap β2 to Nup153 was used as a
positive control. We performed similar binding experiments to
Nup153 using EGFP-16E7, EGFP-16E7LRLCV65AAAAA, EGFP-16E7R66A,
EGFP-11E7, EGFP-11E7VRLVV65AAAAA, EGFP-11E7R66A, EGFP-5E7 and
EGFP-5cE7.
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